Abstract: Nucleocytoplasmic transport is an essential process in eukaryotes. The molecular mechanisms underlying nuclear transport that involve the nuclear transport receptor, small GTPase Ran, and the nuclear pore complex are highly conserved from yeast to humans. On the other hand, it has become clear that the nuclear transport system diverged during evolution to achieve various physiological functions in multicellular eukaryotes. In this review, we first summarize the molecular mechanisms of nuclear transport and how these were elucidated. Then, we focus on the diverse functions of importin ,, which acts not merely an import factor but also as a multi-functional protein contributing to a variety of cellular functions in higher eukaryotes.
Introduction
One of the characteristic features of eukaryotic cells is that they have functional compartments called organelles such as the nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus, and others, which are surrounded by lipid bilayers (Fig. 1) . In the nucleus, DNA is transcribed into a variety of RNAs, whereas proteins are translated from coding mRNAs on ribosomes in the cytoplasm. Thus, mature mRNAs must be accurately transported from the nucleus to the cytoplasm. For cells to function normally, after translation in the cytoplasm, proteins should be selectively and efficiently transported to their destination compartments where they play their roles. Then, proteins are degraded by the ubiquitinproteasome system and/or autophagy after they have completed their function, although the timing of degradation depends on the features of individual proteins or cellular conditions.
The nucleus has a double membrane called the nuclear envelope. In order to move between the nucleus and the cytoplasm, proteins and RNAs must be transported efficiently through nuclear pore complexes (NPCs) that penetrate the nuclear envelope. The NPC is a large, multimeric structure that acts as a permeability barrier. Karyophilic proteins such as transcription factors, replication factors, DNA repair factors, and cell cycle regulators that function in the nucleus need to be efficiently and correctly transported into the nucleus through the NPC after their synthesis in the cytoplasm. Therefore, it is important to understand how karyophilic proteins are transported from the cytoplasm into the nucleus in order to understand their cellular physiological functions.
Approaches for understanding the molecular machineries and mechanisms for nucleocytoplasmic transport of proteins have been performed from two fundamental aspects. One is to understand the characteristic features of cargo molecules (karyophilic proteins themselves), and the other is to discover and elucidate the transport machineries and determine their characteristics. In this review, we first focus on the characteristics of karyophilic proteins that are transported in cells as cargo. Then, we will address how these cargoes are transported from the cytoplasm to the nucleus and especially focus on one of the transport factors, importin ,. Finally, we will discuss the diverse physiological functions of importin ,.
Nuclear localization signal
It was very elegantly demonstrated that karyophilic proteins require a signal to reach the nucleus as their destination using nucleoplasmin, a nuclear protein from Xenopus laevis, which functions as a chaperone for nucleosome formation. 1) Nucleoplasmin (molecular mass 930 kDa/monomer) forms a pentamer and can be biochemically cleaved into two domains, core and tail. 1) A variety of biochemically prepared nucleoplasmin fragments containing tail domains attached to a core domain were microinjected into the cytoplasm of Xenopus oocytes, and their subcellular localization was determined. As a result, it was found that the fragments containing more than one tail domain could enter the nucleus, whereas just the core domain without a tail domain could not, which meant that the tail domain has a specific signal for nuclear localization.
Next, using simian virus 40 (SV40) , it was first demonstrated that there exists a short stretch of amino acids that direct nuclear transport in karyophilic proteins. The genome sequence of SV40 encodes several proteins including the large T antigen, which is involved in the replication of viral DNA and functions in host cell nuclei. One of the virus mutants had a point mutation that resulted in the suppression of nuclear localization of the large T antigen.
2),3) Using this virus mutant gene, it was found that the seven amino acids, Pro-Lys-Lys-LysArg-Lys-Val, act as a signal for nuclear transport, and this sequence was named the nuclear localization signal (NLS).
3) After that, NLSs were identified one by one in various karyophilic proteins. 4) Because most NLSs that were initially identified usually consisted of basic amino acids such as lysine and arginine, these were called basic-type or classical NLSs (cNLSs). cNLSs are divided into two types, a monopartite type such as the NLS of the SV40 large T antigen (PKKKRKV) consisting of one cluster of basic amino acids, and a bipartite type such as that of nucleoplasmin (KRPAATKKAGQAKKKK) composed of two clusters of basic amino acids separated by linker amino acids. 5) On the other hand, there are many karyophilic proteins whose NLSs have not yet been identified experimentally.
Breakthroughs to identify factors required for nuclear protein import
Next, researchers sought to understand nuclear transport machineries and mechanisms, and two major breakthroughs were made. One was the use of biochemical protein conjugates with synthetic peptides containing a cNLS. When a peptide consisting of the cNLS was conjugated to a nonnuclear protein, such as bovine serum albumin, and the conjugate was injected into the cytoplasm, the conjugate rapidly migrated into the nucleus of Xenopus oocytes or mammalian cells, meaning that the conjugate was an artificial protein but its behavior was identical to that of a native karyophilic protein.
6)-8) Therefore, conjugates can be used as a convenient probe to identify the molecular machineries for nuclear protein import. This was one of the breakthroughs in this field, because researchers have been able to obtain soluble karyophilic proteins easily without complicated purification steps with native karyophilic proteins, which usually have low solubility and are not easy to purify.
Using such conjugates, extensive efforts have been made to establish an in vitro system to reproduce the nuclear import of proteins in living cells. Finally, a reproducible system was established using digitonin-permeabilized semi-intact cells (Fig. 2) . 9) Briefly, cultured cells were treated with an appropriate concentration of digitonin, which specifically permeabilizes the cholesterol-rich plasma membrane, but not the cholesterol-poor nuclear envelope. This resulted in the selective permeabilization of the plasma membrane to remove cytoplasmic soluble factors, whereas the nuclear envelope and nuclear contents were intact. After permeabilization, transport substrates such as the NLS-peptide conjugates, cytosolic extracts, and an ATP-regenerating system are added to the semi-intact cells. Then, the nuclear localization of the transport substrates can be observed only in the presence of soluble factors, which means that the karyophilic protein can enter the nucleus in a factor-dependent manner. This was another breakthrough in nuclear transport research.
The nuclear transport machinery
Using the in vitro transport system and other methods, it has been elucidated that eukaryotic cells have dedicated machinery for the nucleocytoplasmic transport of macromolecules. This machinery consists of NPCs, nuclear transport receptors (NTRs), and the small GTPase Ran system.
Nuclear pore complex
The NPC is a large, proteinaceous structure that allows the transport of functional molecules between the cytoplasm and nucleus. Although the size of the NPC varies from 966 MDa in yeast to 9125 MDa in vertebrates, its overall structure is conserved across species.
10)-15) NPCs are composed of multiple copies of approximately 30 different proteins called nucleoporins (Nups) that can be grouped according to their sequence motifs, structural folds, location, or primary function. One characteristic sequence motif of Nups is the tandem phenylalanine-glycine repeats (FG repeats), which are found in approximately one-third of Nups. 10) It has been suggested that the central region of the NPC consists of a meshwork of FG repeats that confer the molecular sieve function of the NPC. 16 ),17) That is, FG-containing Nups form a barrier that inhibits the passive diffusion of macromolecules through the NPC, whereas NTR-bound cargoes or small molecules can pass through.
The NPC shows eight-fold rotational symmetry around its central axis. 18 ), 19) There are three major Fig. 2 . In vitro nuclear transport system. The detergent digitonin permeabilizes the plasma membrane while leaving the nuclear membrane intact, causing the extraction of cytoplasmic materials. Addition of the nuclear transport receptors, Ran, and an ATP regeneration system is required for efficient protein import. NTR; nuclear transport receptor.
octagonal rings: the cytoplasmic ring, the central spoke ring, and the nuclear ring. In contrast to the NPC central region, eight of the filament-like structures called cytoplasmic filaments extend from the cytoplasmic ring into the cytoplasm, whereas the basket-like structures called the nuclear basket extend from the nuclear ring into the nucleoplasm. Peripheral regions such as cytoplasmic filaments and the nuclear basket consist of asymmetrically arranged nucleoporins. Cytoplasmic filaments are predominantly composed of Nup88, Nup214 (CAN), and Nup358 (RanBP2), whereas the main constituents of the nuclear basket are Tpr, Nup153, and Npap60 (Nup50). The directionality of transport through NPCs is precisely regulated. Most Ranbinding nucleoporins such as Nup358, Nup153, and Npap60 that localize in peripheral regions of the NPC may play important roles in providing directionality. However, the exact mechanism for directional translocation through the NPC remains to be determined.
Nucleocytoplasmic transport receptors
The in vitro transport assay using digitoninpermeabilized semi-intact cells clearly indicated that the NLS-substrate does not solely enter the nucleus, but the addition of cytosolic extract can reproduce its nuclear import in the presence of an energy source, meaning that nuclear protein import requires additional factors. After biochemical purification of the cytosolic extract, we isolated a stable complex called the nuclear pore-targeting complex (PTAC) containing the NLS-substrate to target the nuclear pore and found that the complex contains two essential components, a 58-kDa protein called PTAC58 and a 97-kDa protein called PTAC97. 20) ,21) Several groups independently and almost simultaneously identified these two types of NTRs, and named the molecules importin , or karyopherin , for PTAC58 and importin O or karyopherin O for PTAC97.
22)-24) In general, the terms importin , and importin O are now widely used.
Importin ,.
Importin ,, also known as karyopherin , (KPNA), was first identified as an adaptor protein linking cNLS-containing proteins with importin O, also called karyopherin O (KPNB). This protein has three key structural domains: an N-terminal importin O-binding (IBB) domain, armadillo (Arm) repeats that function as internal cargo cNLS-binding sites, and a C-terminal region that binds to the nuclear export factor of importin ,, CAS/CSE1L (Fig. 3A) .
25)-27) Although there is a single importin , gene in budding yeast, mouse and human genomes encode 6 and 7 subtypes, respectively. Importin , subtypes are classified into three subfamilies based on their sequence similarity. In human importin ,, for example, there exists an ,1 subfamily (importin ,5 (KPNA1), ,6 (KPNA5), and ,7 (KPNA6)), ,2 subfamily (importin ,1 (KPNA2) and ,8 (KPNA7)), and ,3 subfamily (importin ,3 (KPNA4) and ,4 (KPNA3)) (Fig. 3B ).
28),29)
The central portion of importin , consists of 10 repetitive motifs of a relatively hydrophobic sequence of approximately 42-43 amino acids (Arm repeats). A cNLS-containing cargo binds to two sites within the Arm repeats that are referred to as major (Arm repeats 2-4) and minor (Arm repeats 6-8) NLS binding sites. Typical monopartite cNLSs, such as the SV40 large T antigen NLS, bind to the major binding site, whereas bipartite cNLSs, such as the nucleoplasmin NLS, bind to both the major and minor binding sites.
30)
Importin O. Importin O, which is now called importin O1, was first identified as a carrier molecule for importing cNLS cargoes together with importin ,.
21),23),31),32) Then, it was demonstrated that importin O1 functions as an NTR and transports a variety of NLS cargoes by binding to importin , carrying cNLS cargoes or through direct binding to the cargo molecules. Importin O also constitutes a large family. Importin O family molecules (14 members in budding yeast and 20 members in humans) participate in the nucleocytoplasmic transport of proteins and RNAs.
33) Namely, the importin O family includes nuclear import receptors (called importins), export receptors (called exportins), and bidirectional receptors. Each member of the importin O family transports specific cargoes and mediates a variety of nucleocytoplasmic transport pathways. 34),35) Among the importin O family members, only importin O1 utilizes adaptor molecules to bind to cargoes. Importin O family proteins, independently of cargo loading, 36),37) can overcome the NPC permeability barrier composed of FG-nucleoporins through binding to the FG repeats, possibly due to the HEAT repeats composed of multiple flexible helices connected by a short linker.
38)

Ran GTPase
Another key molecule is the small GTPase Ran, which was originally identified as one of the factors that encode a Ras-like sequence. 39) Ran is a very abundant 925-kDa protein that is located predominantly in the nucleus. Like other small GTPases, the function of Ran is regulated by binding to either GTP or GDP. The conversion of the GDPbound form of Ran (RanGDP) to the GTP-bound form (RanGTP) is mediated by RCC1, a guaninenucleotide exchange factor for Ran (RanGEF). 40) RCC1 is a chromatin factor that is located in the nucleus, which means that Ran in the nucleus is mainly in the GTP-bound form. Importin O family molecules have a Ran-binding domain, and the binding of RanGTP to importin O family molecules induces a conformational change. 41) On the other hand, although Ran has its own weak hydrolytic activity, the hydrolysis of RanGTP to RanGDP is strongly accelerated by the GTPaseactivating protein RanGAP1, in conjunction with Ran binding protein 1 (RanBP1) and/or Ran binding protein 2 (RanBP2, also called Nup358).
42),43) These Ran-binding proteins are located in the cytoplasm, which means that RanGTP is rapidly converted to RanGDP in the cytoplasm. Therefore, it is believed that there is a steep gradient of RanGTP/GDP between the nucleus and cytoplasm, which is important for the directionality of nuclear transport. 44) Furthermore, even during the mitotic phase, this gradient of RanGTP/GDP is maintained, 45) , 46) which is important for regulating spindle assembly.
Molecular mechanism of classical nuclear protein import
From a variety of in vivo and in vitro data, a reliable model for the molecular mechanism of classical nuclear protein import has been proposed (Fig. 4) . In the cytoplasm, the cNLS-containing cargo protein is initially recognized by an adaptor molecule, importin ,, and then importin O1 binds to importin , to form a ternary complex called a nuclear pore-targeting complex. This complex is targeted to the NPCs and translocates through the nuclear pore via importin O1 activity. After translocation into the nucleus, abundant nuclear RanGTP binds to importin O1 to trigger the dissociation of the complex, resulting in the release of the cargo proteins from importin , into the nucleus where they function. In addition, other molecules that bind to importin ,, namely, nucleoporin Npap60 or RBBP4 (Retinoblastoma binding protein 4, also called RbAp48) are possibly involved in the disassembly process of the importin ,/importin O1/NLS-cargo ternary complex in the nucleus. Npap60 is known to promote the release of cNLS-cargo from importin ,, 47)-49) whereas RBBP4 could bind to the IBB domain of importin , to stimulate the dissociation of importin O1 from importin ,.
50) Then, importin , is exported from the nucleus as a ternary complex with RanGTP and a specific importin O family molecule, CAS/CSE1L, while importin O1 is also recycled back to the cytoplasm in conjunction with RanGTP.
25),27)
After translocation through the NPCs, the RanGTP/importin O1 export complex and RanGTP/CAS/importin , export complex are dissociated through the conversion of RanGTP in these complexes to RanGDP by cytoplasmic RanGAP1 with the aid of RanBP1 and/or RanBP2. After this, both importin , and importin O1 are reused for the next round of transport and RanGDP is imported into the nucleus by nuclear transport factor 2, NTF2 (also called p10), which specifically binds to RanGDP. 51),52) NTF2 is an abundant protein that carries RanGDP into the nucleus and functions as a RanGDP dissociation inhibitor (RanGDI) to keep Ran in the GDP-bound form during the transport process. 53) Lessons from studies of importin , Since the discovery of NTRs such as importin , and importin O1, the functions and pathways related to each NTR have been studied extensively. In fact, the expression of NTRs has been shown to be spatiotemporally regulated and the differential expression to be linked to various biological phenomena. In addition, it has been demonstrated that regulation of the nucleocytoplasmic transport pathways affects cellular physiological states. The biological significance of the importin O family has been discussed in detail elsewhere. 34),54) Hereafter, in this review, we will focus on the primary function and unexpected functions of importin , family members.
The primary function of importin ,.
To determine the function of importin , at the organism level, its knockdown or knockout has been performed in various species. In budding yeast Saccharomyces cerevisiae, there is only a single importin , family member called Srp1, which was originally identified RBBP4 Npap60 Fig. 4 . The mechanism of importin ,/O-mediated nuclear import of proteins. The NLS-containing cargo is bound by importin ,, and then importin O1 binds to importin , to form a nuclear pore-targeting complex. After passing through the NPC, the binding of RanGTP to importin O1 triggers the dissociation of the complex inside the nucleus. CAS functions to export importin , in conjunction with RanGTP. Both importin , and importin O1 are recycled back to the cytoplasm and reused for the next round of nuclear import.
as a suppressor of RNA Polymerase I mutations. 55) Analysis of Srp1 temperature-sensitive mutants revealed the pleiotropic functions of Srp1, including roles in nuclear division, maintenance of nucleolar structure, and RNA transcription, 56) possibly reflecting defects in general nuclear transport.
The physiological significance of importin , 'subtypes' has been demonstrated in a variety of organisms. Although budding yeast, S. cerevisiae, contains a single importin , gene, fission yeast, Schizosaccharomyces pombe, possesses two importin , genes. 57),58) Furthermore, genetic analysis of the mutants of these two importin , molecules, cut15 and imp1, revealed that they show synthetic lethality, although they cannot rescue gene-specific defects in each other, 58) demonstrating that these two importin , subtypes possess their own unique physiological roles as well as overlapping roles.
Analysis in the fruit fly Drosophila melanogaster, which contains three importin , molecules (importin ,1, importin ,2, and importin ,3; 42-46% homology with each other), showed that importin ,1 or importin ,2 mutant flies showed defects in gametogenesis, whereas importin ,3 mutants die at the first or second instar larval stage. 59 ), 60) In addition, the defects in importin ,2-mutated female flies could not be rescued by the other family members. 61) In the nematode Caenorhabditis elegans, which expresses three importin , molecules (IMA-1, IMA-2, and IMA-3; 23-35% homology with each other), knocking down IMA-3 caused the arrest of germ cell development, 62) whereas depleting IMA-2 resulted in embryonic lethality with severe chromosome segregation defects and an abnormal nuclear envelope. 63 ),64) These subtype-specific defects mean that the importin , subtypes play their own physiologically important roles in different species.
65)
The physiological significance of importin , subtypes in mammals. As mentioned above, mouse and human genomes encode 6 and 7 importin , subtypes, respectively. The nomenclature of importin , subtypes differs between human and mouse homologs, which sometimes leads to confusion (Fig. 3C) . To avoid confusion, we primarily use the terms KPNA1 to KPNA7 below to refer to human and mouse importin subtypes, because the same term is used for human and mouse homologues.
These importin , subtypes show a cargo-specific affinity to carry broad subtype-specific molecules into the nucleus, 29), 66) and are expressed in a tissue-, developmental stage-, or cell-type-specific manner, 67)-79) suggesting that importin , subtypes play some critical roles in cell-type specific function, cell specification, and/or cell differentiation processes. Indeed, by modulating the expression pattern of importin , subtypes in vitro, the expression changes of these importin , subtypes have demonstrated to be physiologically significant. For example, the expression patterns of importin , subtypes were shown to change during cell differentiation processes, and, more importantly, its modulation clearly affects cell differentiation processes such as the differentiation of embryonic stem cells into neural cells (KPNA1 73) ), myoblasts into myotubes (KPNA2 77) ), or maturation of oligodendrocyte progenitors (KPNA1, 80) KPNA4 78) ). However, it remains to be determined whether the changes in the nuclear transport of specific subsets of cargoes in fact alter differentiation processes. Moreover, in order to understand the differentiation processes precisely from the viewpoint of importin , subtype expression pattern, it should be considered that importin , is a multi-functional protein, as discussed in the next section.
The physiological function of importin , subtypes in mammals has been revealed in vivo by the generation and analysis of importin , knockout mice. KPNA1-null mice develop normally, 81),82) but show hypoplasia in female reproductive organs such as the ovary and uterus with severely reduced serum progesterone levels and progesterone receptor mRNA levels. 81) Analysis of KPNA1 knockout mice further revealed that KPNA1 is important for muscle regeneration. 83) That is, KPNA1 knockout caused muscle satellite cells to prematurely activate and undergo apoptosis, which led to the exhaustion of muscle satellite cells. On the other hand, knocking out KPNA7 results in reduced reproductivity and fetal lethality in females. 84) Of note, it was reported that mutations in KPNA7 are associated with a human neurodevelopmental disease. 85) Although KPNA6 knockout mice were viable, KPNA6-null oocytes showed a complete arrest at the two-cell embryo stage after fertilization, 86) demonstrating that it has an important role in the very early phases of development. Intriguingly, a comparison of KPNA1, KPNA4, and KPNA6 knockout mice revealed that KPNA6 knockout mice are highly resistant to infection with influenza viruses, 87) highlighting the importance of importin , as a determinant of pathogenicity. Thus, the analysis of knockout mice has opened up the analysis of the subtype-specific physiological significance of importin , in vivo.
The unexpected functions of importin , As described above, importin , was primarily identified and is well established as a nuclear transport factor or an NLS receptor. However, detailed analysis of importin , has revealed that this protein is involved in many unexpected cellular processes and localized to various cellular compartments (Fig. 5) .
Cytoplasmic functions
Functions other than as an adaptor for importin O1.
It has been demonstrated that importin , is not merely an adaptor molecule supporting the nuclear import process mediated by importin O1. That is, it was found that importin , by itself, 88) without importin O1, could transport cargo proteins, such as calcium/calmodulin-dependent protein kinase type IV (CaMKIV) or Vpr from human immunodeficiency virus type 1 (HIV-1).
89),90)
In addition, depending on the cell condition, importin , was found to function as a negative regulator of nuclear import. For example, although Snail, a transcriptional repressor, can be imported into the nucleus by importin O1 alone, 91) it was shown that the direct binding of importin , to Snail competes with importin O1-Snail binding to negatively regulate the formation of the transport complex, and a subsequent nuclear import process. 92) This cytoplasmic retention of Snail by importin , eventually triggers its rapid degradation, which could severely affect the epithelial mesenchymal transition. Such effects by importin , were also observed for telomere repeat factor 1 (TRF1) 93) and cdc7. 94) It has also been shown that, in undifferentiated ES cells, high expression of KPNA2 inhibited the nuclear translocation of the POU-domain transcription factors Brn2 or Oct6 through the binding of its atypical C-terminal region to these cargoes. 95) Thus, KPNA2 supposedly retains these differentiation factors in the cytoplasm to maintain the undifferentiated state through suppressing their transcriptional activities.
A connection to proteasome function
A study of Srp1, a budding yeast importin ,, demonstrated that importin , is potentially a multifunctional protein. While an srp1-31 mutant was defective in nuclear transport, another mutant, srp1-49, showed normal classical nuclear transport activity. Instead, the srp1-49 mutant showed defects in protein degradation by the ubiquitinproteasome system, which was possibly due to defects in nuclear localization of the proteasome. 96 ), 97) Furthermore, these two mutants showed intragenic complementation. These results suggested that Srp1 carries out differential functions in vivo.
98)
Spindle formation
During open mitosis, when there is no intact nucleus due to the breakdown of the nuclear envelope, importin ,/importin O1 binds to NLScontaining proteins, not to transport them, but to regulate their function. In particular, importin , binds to spindle assembly factors such as TPX2, NuMA, and XCTK2 to inhibit their function.
99)-101)
The RanGTP concentration gradient formed surrounding mitotic chromosomes is important to regulate the function of importin , in this process. Namely, importin , can bind to spindle assembly factors to form a stable ternary complex with importin O1 to inhibit their function in the cytoplasm; however, around mitotic chromosomes, where the RanGTP concentration is high due to the presence of RCC1, 45) ,46) the binding of RanGTP to importin O1 triggers the dissociation of importin O1 and importin , from spindle assembly factors, leading to local activation of the spindle assembly factors.
It has also been shown that importin , is involved in regulating spindle scaling during Xenopus development, by inhibiting the microtubule-destabilizing activity of the kinesin-13, kif2a. 102) Although the microtubule-destabilizing activity of kif2a was inhibited by soluble importin , during early phases of development, kif2a becomes more active later in development (stage 8), when importin , is more sequestered to the plasma membrane.
Among the importin , subtypes, KPNA7 is the newest member and is specifically expressed in ovaries and mature oocytes, 72),84), 103) where it functions as an NLS receptor. 104 ),105) Knockdown and knockout studies showed that KPNA7 was required for early embryogenesis.
72),84) Of note, mouse KPNA7 is localized in the nucleus or spindles in oocytes, depending on the maturation stage. Therefore, it is possibly involved in regulating spindle formation or gene expression during early embryogenesis; however, the exact function of KPNA7 remains to be established.
Retrograde axonal transport in neurons
Unexpectedly, it has been demonstrated that KPNA1 also functions in the retrograde transport of molecules for axonal injury signaling. 106) Sciatic nerve injury in KPNA1-null mice resulted in a significant increase in apoptotic neurons compared with the number in wild-type mice. Further study suggested that the retrograde transport, but not nuclear transport, of STAT3 transcription factors along axons is impaired in KPNA1 knockout mice, implying a novel role of KPNA1 as a cargo-binding adaptor to dynein.
Stress granules
Importin , molecules (KPNA1, KPNA2, and KPNA3) also exist in cytoplasmic stress granules (SGs) that were induced by arsenite or heat shock. 107),108) Furthermore, knocking down importin , (KPNA2) delayed SG formation upon exposure to arsenite, implying its novel regulatory role in the process of SG assembly.
107)
Nuclear functions
It has been observed that importin , often accumulates in the nucleus in some cancer cells 109) or in various stress conditions, 110)-112) suggesting that importin , plays roles other than nuclear transport within the nucleus. Indeed, it has been demonstrated that nuclear importin , binds to chromatin to regulate the expression of genes such as STK35.
113)
A recent study showed that a mutation of dim-3 (defective in methylation-3), which encodes NUP-6 (importin , in Neurospora), causes a substantial loss of heterochromatin marks, such as H3K9me3 or DNA methylation. 114) Of note, no obvious defects in nuclear transport of proteins, including factors required for heterochromatin formation, are observed in dim-3 mutant cells. Furthermore, heterochromatin targeting, but not nuclear transport, of at least two components of a protein complex that catalyzes H3K9 methylation, DIM-5 and DIM-7, is severely affected in dim-3 mutant cells. These data suggested that importin , has a unique role in targeting the chromatin modifier to its final destination after its nuclear transport process.
How does importin , work in the nucleus? It is known that the DNA-binding region of karyophilic proteins frequently overlaps with their NLS. 115) Thus, importin , could be involved in regulating the function of DNA-binding proteins through continuous intranuclear interaction after their import into the nucleus. Alternatively, the binding of importin , may modulate the targeting of chromatin modification proteins within the nucleus. Tripartite motif-containing 28 (TRIM28) is known as a component of a repressor complex containing heterochromatin protein 1 (HP1). Of note, the NLS of TRIM28 is located in a region that overlaps with its HP1 binding site (called the HP1 box). Furthermore, HP1 and importin , indeed compete for binding to TRIM28, suggesting that importin , may play a role in delivering TRIM28 to heterochromatin regions enriched with HP1 after nuclear transport.
116)
At the nuclear pore complex A recent study showed that importin , plays an important role in the NPC. Importin , associates with the NPC by binding to the C-terminus of Nup153 117) and plays a critical role in the import of both cNLS-proteins and importin O-binding domaincontaining-artificial cargoes. 118) Therefore, importin , functions as an important component of the NPC to achieve efficient directional nuclear import.
Moreover, importin ,, together with importin O1, occupies the NPCs. In particular, the binding of importin , to importin O1 causes the high affinity binding of importin O1 to FG Nups to warrant the barrier function of the NPC. 119) Collectively, importin , complexed with importin O1 at the NPC is critically involved in two essential functions of the NPC: active nuclear transport and the permeability barrier.
Nuclear envelope and lamin assembly, and nuclear scaling Importin , is also important for nuclear envelope assembly 120) and lamin polymerization 121) as shown by in vitro nuclear assembly reactions using Xenopus egg extracts. Furthermore, it was also found that Xenopus importin ,2 functions as a critical factor to determine the nuclear size homeostasis in Xenopus, 122) possibly related to its role in the nuclear transport of lamin B3.
At the cell surface Cell-surface importin ,. Unexpectedly, we found that a fraction of importin , is localized on the cell surface of several cancer cells. 123) We further found that cell surface importin , can bind to the NLS, which means that importin , on the cell surface is functional. Of note, some growth factors that are secreted into the culture medium, are known to possess a functional NLS and be actively transported into the nucleus, 124) raising the intriguing possibility that importin , could associate with growth factors on the cell surface to help the function of these factors. Indeed, we found that KPNA2 interacts with FGF1, FGF2, and IGF-BP5 and that adding KPNA2 to the culture media stimulates the downstream signaling pathway of FGF1. It is also known that importin , is detected in the serum of healthy human controls, and at higher levels in those of patients with non-small cell lung carcinoma. 125) These findings provide an interesting scenario in which extracellular importin , helps FGF1 bind to the cell surface FGF receptor to accelerate signaling, and further plays a role in the nuclear transport of FGF1 after its internalization. In addition, future research should examine how functionally active importin , is transported to the cell surface from inside the cells.
Conclusion and perspectives
Approximately 35 years ago, we had little or no information on the mechanisms of nuclear protein transport. First, the NLS sequences were identified in various karyophilic proteins. Then, through the use of synthetic peptides containing the NLSs and the development of an in vitro transport system, transport machineries were identified and the mechanism was elucidated so that a concrete model has been proposed. Thereafter, the relationship between the physiological phenomena and the nuclear transport machineries was examined extensively, resulting in the re-confirmation of the importance of the nuclear protein transport system and machineries in cell functions. Furthermore, it has been determined that nuclear transport factors, especially importin ,, are multifunctional proteins and have diverse functions other than nuclear protein transport.
In the future, it should be more extensively studied how nuclear protein transport is involved in various physiological phenomena, such as aging. We have some interesting data showing that the downregulation of nuclear protein transport efficiency affects cell senescence. 50),126) Thus, understanding the relationship between aging and nuclear protein transport may help promote health and longevity. Furthermore, it will be expected that medical drugs for various diseases, such as infectious diseases, are developed based on the knowledge concerning nuclear transport machineries. For example, compounds inhibiting the nuclear transport of viral proteins may be good, novel candidates to suppress viral infection. Thus, a complete understanding of nuclear protein transport will greatly contribute to medical innovation. 
